INTRODUCTION
Post-stroke shoulder pain (PSSP) is one of the most common types of pain after stroke (1, 2) . It occurs in approximately onethird of an unselected stroke population and in half of persons with persistent upper extremity paresis (3) . PSSP is often a long-lasting problem (4) and effective treatments are lacking.
PSSP has mostly been associated with reduced motor function (3, (5) (6) (7) and decreased range of motion in the shoulder (4, 8) . Some studies indicate that somatosensory impairments, such as pain hypersensitivity, thermal and mechanical hyperalgesia and allodynia, may contribute to PSSP, which could indicate the presence of a neuropathic component (9) (10) (11) . However, in our recently published study using quantitative sensory testing (QST), no differences were found in somatosensory impairments between persons with and without PSSP (12) , implying that PSSP is not associated with neuropathic mechanisms. Plausible explanations for the different results could be differences in study designs; for example, measurement locations, pain characteristics among the participants and the choice of measurements variables.
QST is an established method to assess somatosensory modalities, such as thermal detection and pain thresholds as well as mechanical pain thresholds (13) . QST has been used in different populations (14) (15) (16) (17) , including studies of PSSP (9) (10) (11) (12) . Thermal thresholds have been found to be reliable in persons with diabetes (18), complex regional pain syndrome (CRPS) (19) , spinal cord injury (16) , Alzheimer's disease (15) and in healthy individuals (20) (21) (22) . Mechanical thresholds are shown to be reliable in persons with Alzheimer's disease (15) as well as in healthy individuals (23, 24) . To the best of our knowledge, no study has investigated the reliability (measurement variability) of QST measurements in persons with PSSP. This knowledge is important to facilitate the interpretation of changes in somatosensory impairments in PSSP over time or after an intervention.
The purpose of this study was therefore to evaluate the measurement variability of QST for thermal detection and thermal pain thresholds as well as for mechanical pain thresholds in persons with PSSP.
METHODS

Participants
A total of 23 persons with PSSP participated in this study. They were recruited from the Lund Stroke Register and the Department of Neurology and Rehabilitation Medicine at Skåne University Hospital by screening medical records. Inclusion criteria were: stroke onset between 5 and 36 months prior to study enrollment, decreased motor function in the affected arm and daily pain in the affected shoulder for a duration of at least 4 months after stroke onset. Exclusion criteria were: difficulty in communicating or in understanding test instructions; other conditions that caused pain or sensory disturbances; and severe depression.
At the time of the assessment, the participants were included in another study with the purpose of investigating whether somatosensory impairments were more common in individuals with PSSP in comparison with individuals without PSSP and healthy controls (12) . The present study included only those with PSSP.
Ethics
Prior to inclusion, information about the purpose of the study was provided and each person provided written consent to participate. The principles of the Declaration of Helsinki were followed, and the study was approved by the Regional Ethical Review Board, Lund, Sweden (Dnr 2011/742).
Demographics and participant characteristics
Before the QST measurements, age, sex, body mass index (BMI), prescribed antidepressant medication and pain medication were recorded. Pain medication was unchanged at the time of assessment. Stroke-specific characteristics, such as side of lesion, type of stroke, stroke onset, independence in personal activities of daily living (P-ADL), shoulder pain intensity, upper extremity motor function, light touch, proprioception and abnormal somatosensation in the affected side, were registered.
Shoulder pain intensity during active movements was registered with the Visual Analogue Scale for Pain (VAS-P) (25) and motor function of the upper extremity with the Swedish version of the Modified Motor Assessment Scale (M-MAS) (26, 27) . Light touch in the upper arms and forearms, hands and fingers, as well as proprioception in the thumbs (interphalangeal joints) and wrists were assessed with the Fugl-Meyer Assessment of Sensorimotor Recovery After Stroke (28) . These outcome measurements are described in detail in our previous study (12) .
Procedure
All QST measurements were performed on 2 test occasions, 2-3 weeks apart, by one of the authors (EE). Each test session was performed in a quiet hospital room and lasted approximately 1 h. During assessments, the participants were seated in a chair with armrests. The upper arm was placed in a comfortable position with the elbow at approximately 90° flexion and the forearm resting on a pillow. Participants were not allowed to view the computer screen during the tests. Prior to the study, the QST protocol was standardized with regard to order of the assessments and number of repetitions, and was carefully adhered to the patient group in order to avoid fatigue. On the second test occasion, the examiner was unable to see the QST measurements from the first test occasion.
Quantitative sensory testing
The thermal thresholds were measured with the MSA Thermotest (Somedic AB, Hörby, Sweden, http://www.somedic.com/). The 4 thermal tests were: cold detection thresholds (CDT); warm detection thresholds (WDT); cold pain thresholds (CPT) and heat pain thresholds (HPT). The 2 mechanical tests included: pressure pain thresholds (PPT) and pin-prick pain thresholds (PPPT), measured by the Algometer and the SenseBox Electronic von Frey (Somedic AB, Hörby, Sweden), respectively. First, the unaffected arm was measured and thereafter the affected (painful) arm. During assessments the intensity of the stimulus applied to the skin was increased/decreased until the detection threshold (minimum intensity of a stimulus perceived as stimulus) or pain threshold (minimum intensity of a stimulus perceived as painful) was reached (i.e. "the method of limits"). The participant held a switch in the unaffected hand and when the detection threshold (CDT, WDT) or pain threshold (CPT, HPT, PPT, PPPT) was perceived, he or she pressed the switch, at which point the assessment was stopped and the threshold value digitally recorded.
Thermal testing. The thermal thresholds were performed in the following order: cold detection, warm detection, cold pain and heat pain. A thermode, 25 × 50 mm, with an initial temperature of 32°C and a rate of change of temperature of 1°/s, was applied to the skin on the upper arm. Measurements were made with a precision of 0.1°. During the cold tests the temperature gradually decreased, to a minimum of 10°C. During the warmth/heat tests the temperature gradually increased, to a maximum of 50°C. A higher CDT or CPT indicated that cold or cold pain was perceived at a lower temperature and a higher WDT or HPT that warmth or heat pain was perceived at a higher temperature.
To become familiar with the test, the thermal test was performed on a control point on the unaffected leg over the m. vastus medialis (distal part). Thereafter, the measurements were performed on the upper arm over the middle part of the middle portion of the deltoid muscle. In all locations, 4 repetitions were performed with a 4-6 s interval between each repetition. Results are presented as medians of the 4 assessments for each variable.
Mechanical testing. The PPT was measured with an electronic algometer. A probe with a pressure diameter of 1cm 2 , a slope of 50 kPa/s, and an initial pressure of 10 kPa was applied to 3 points on the upper arm: upper, middle and lower part of the mid-deltoid muscle. The measurements were made with a precision of 0.1 kPa. The pressure was gradually increased until the subject indicated pain perception. Maximum pressure that could be applied was preset to 1,000 kPa. Two PPT assessments were performed at each of the 3 points, yielding a total of 6 measurements. The results are presented as the median of the 6 measurements.
The PPPT was measured with an electric von Frey transducer, using a 0.2-mm tip diameter, a speed of 10 g/s, with an initial pressure of 10 g at 3 points on both the anterior and posterior part of the deltoid muscle. The measurements were made with a precision of 0.1 g. The pressure was gradually increased until the subject indicated pain and the maximum pressure that could be applied was 400 g. A higher PPPT indicated that pin-prick pain was perceived at a greater pressure. The PPPT was measured once, yielding 6 measurements for each arm. The results are presented as the median of the 6 measurements.
Statistical methods
Demographic data and characteristics for the PSSP group are presented as frequencies and medians (minimum-maximum), and the QST measurements as medians (minimum-maximum).
As the differences between repeated OST measurements had a heteroscedastic pattern when graphically analysed, log-transformations (log 10 ) were performed. To determine the measurement variability, several statistical methods were applied (29, 30) : the intraclass correlation (ICC 2.1 ); the change in the mean (đ); Bland & Altman graphs and the relative standard error of measurement (SEM%).
The ICC 2.1 was calculated on the logarithmic scale, together with 95% confidence interval (CI) (31) . The change in the mean (đ), with a 95% CI (logarithmic scale) between the 2 measurements (test 2 minus test 1) was calculated to determine whether there was a true systematic difference. If zero was included in the 95% CI for đ, it was not indicative of a systematic change (32) . To visually interpret the data, Bland & Altman graphs were formed (on the logarithmic scale). The difference from the 2 test occasions was plotted against the mean of the 2 test occasions for each participant and presented as đ with 95% limits of agreement (LOA, đ ± 1.96 * standard deviation). The SEM gives the measurement variability in absolute values and indicates the extent of the measurement error caused by random variation for a group of individuals. The SEM was calculated as the square root of the total within-subject error variance. From the SEM, the SEM% was calculated, representing the standard error of measurement in relative terms, i.e. the percentage of the mean of all value of SEM-1 (i.e. 10 SEM -1). Thus, the SEM% was presented as original values after re-transformation from logarithmic values.
Data were analysed using the IBM SPSS Statistics version 22 (IBM Corp., Armonk, New York, USA).
RESULTS
Demographics and participant characteristics
Baseline demographics and characteristics are presented in Table I . A majority (78%) of the participants had moderate-to-severe restrictions in upper extremity motor function and 48% reported abnormal somatosensation in the affected side. Median shoulder pain intensity was 46 mm (minimum-maximum: 10-100 mm). Four participants were taking prescribed selective serotonin re-uptake inhibitors (SSRI) and 3 were taking prescribed pain medications, such as paracetamol and opioids.
The median values for all QST measurements (thermal thresholds and mechanical thresholds) on both test occasions are presented for the affected (painful) arm and the unaffected arm, respectively in Table II . The median interval between test occasion 1 and 2 was 18 days (minimum 13 days, maximum 36 days).
Quantitative sensory testing
The measurement variabilities for all QST measurements for both the affected (painful) arm and the unaffected arm are shown in Table III .
Thermal thresholds
For the thermal thresholds, the ICCs ranged from 0.48 to 0.89 in the affected (painful) arm and from 0.50 to 0.63 in the unaffected arm. For both arms, all đ values were generally low, the widths of the 95% CI for đ were narrow and no systematic changes in the mean (đ) were found. The SEM% in both the affected (painful) arm and the unaffected arm ranged from 4% to 10% for CDT, WDT and HPT, but was 33% for CPT in both arms. For the mechanical thresholds, the ICCs ranged from 0.66 to 0.90 in the affected (painful arm) and from 0.77 to 0.89 in the unaffected arm. For both arms, the đ values were generally low and the widths of the 95% CI for đ were narrow. No systematic changes in the mean (đ) were found for the mechanical thresholds. The SEM% for PPT was 17% for both arms. For PPPT, the SEM% was 42% for the affected (painful) arm and 36% for the unaffected arm, respectively. In the Bland & Altman graphs (Fig. 1) , the changes in the mean (đ) and the 95% LOA are presented. For both the affected (painful) arm and the unaffected arm, the 95% LOA ranged approximately from -0.1 to 0.1 for CDT, WDT and HPT; from -0.2 to 0.2 for PPT and from -0.3 to 0.4 for CPT and PPPT.
DISCUSSION
To the best of our knowledge, this is the first study that has assessed the measurement variability of QST measurements for thermal detection and pain thresholds, as well as for mechanical pain thresholds in persons with PSSP. The ICCs for both the affected (painful) and unaffected arm ranged from 0.48 to 0.90, with no systematic changes in the mean. The SEM% was lowest for CDT, WDT and HPT (4-10%), but higher for CPT, PPT and PPPT (17-42%).
Overall, the ICCs of QST measurements (logarithmic scale) varied considerably in our study. Except for a difference in ICC for CDT (0.89 for the affected (painful) arm and 0.51 for the unaffected arm), only minor differences were seen between the arms. Previous test-retest reliability studies of QST measurements have used different statistical methods and variables on both the original and the logarithmic scales, and therefore our results are difficult to fully compare with those studies. However, Jensen-Dahm et al. (15) evaluated the reliability of upper extremity thermal and mechanical thresholds (log transformation of some variables) in persons with mild-tomoderate Alzheimer's disease and in healthy controls. In the Alzheimer group, the ICCs ranged from 0.32 to 0.50 and in the control group from 0.50 to 0.84. Another study investigated the reliability of QST measurements in persons with spinal cord injury and healthy controls (16) . They found that ICCs for CDT and WDT (logarithmic values) ranged from 0.90 to 0.95 in the spinal cord group and from 0.68 to 0.70 in the healthy controls, while CPT and HPT (original values) was 0.50 in the spinal cord group and ranged from 0.49 to 0.68 in the healthy controls. Taken together, this indicates that ICCs of repeated QST measurements vary considerably in different study populations.
In the present study, a majority of the ICCs for thermal thresholds were rather low (0.48-0.63 except for CDT in the affected (painful) arm which was 0.89) whereas the mechanical thresholds were higher (0.66-0.90). A possible reason for the low ICCs in thermal thresholds could be the measurement distribution of the participants. As the ICC is dependent on the between subject variability, a narrow distribution of measurements (i.e. a low between subject variability) can yield a false low ICC even if the agreement is high (30, 31) . As can be seen in Table III and Fig. 1 , narrow distributions of measurements were seen in both arms in WDT and HPT and, consequently, the ICCs were low. Moreover, in CDT the measurement distribution was narrower in the unaffected arm compared with the affected (painful) arm, which might explain the lower ICC for the unaffected arm. Conversely, a wide distribution of measurements (i.e. a high between-subject variability) can yield high ICC, which might be the case in the affected (painful) arm for CDT and in both arms for PPT and PPPT.
In order to gain a more comprehensive interpretation of the measurement variability, we also calculated the SEM% (29) . The SEM% varied in the affected (painful) arm from 4% to 42% and in the unaffected arm from 4% to 36% for all measurements, with lower variability for thermal detection and heat pain thresholds and higher variability for cold pain and mechanical pain thresholds. As previous studies in persons with PSSP have not reported SEM% values, our results are difficult to compare with others. However, one study has investigated the variability of thermal thresholds of the hand in healthy individuals, using the coefficient of variation in % (CV%) (33) . They found CV% (log transformation of some variables) ranging from 4% to 9% in CDT, WDT and HPT, but from 85% to 86% in CPT. As CV% is comparable to SEM% (29), their results with lower variability for CDT, WDT and HPT and higher for CPT are in agreement with the results in our study.
Several factors can influence the measurement variability, for example the pain variation in itself, the QST method being used and the measurement locations that are measured. The pain variation is an inherent factor and to register identical pain thresholds on 2 occasions is unlikely (34) . The variations in QST thresholds in our population might have occurred because of the somatosensory deficits or a day-to-day variation in PSSP. On the other hand, variations in QST thresholds were seen not only in the affected (painful) side, but also in the unaffected side. The magnitude of the variability was approximately the same in both arms, indicating that the QST method in itself might have influenced the result. QST is described as a psychophysical method, relying on the participant's cooperation. Two different methods, "the method of limits" and "the method of levels" can be used. The method of limits is most widely used because it is less time-consuming, which is important as the participants' concentration could be affected after stroke. The disadvantage of using "the method of limits" is that the reaction time is included in the measurements (35) . The reaction time and the ability to perceive instructions might be affected after stroke, which could influence the result. However, a previous review regarding reliability of QST measurements in persons with various diagnoses reported that the 2 QST methods are equally reliable (14) .
In the present study, cut-off limits of QST measures were set to 10° for cold and 50° for heat, and to 1,000 kPa for PPT and 400 g for PPPT. This is in agreement with the recommendations of QST measurements because of medical safety. A floor effect was seen in CPT; approximately half of the participants scored 10° in 1 of the 2 cold pain assessments. A ceiling effect was also seen in the affected (painful) arm in HPT and in both arms in PPPT at the second test occasion; approximately 20% of the participants scored the maximum value. Cut-off limits of QST measures can influence the results in a test-retest situation and might mask a true QST value.
Other factors that might have influenced the measurement variability are the environment, the test procedure and the measurement locations. In our study, the environment was free from noise and distractions, a standardized test procedure was used and the examiner was unable to see the QST measurements of the first test occasion at the second test. We assessed detection and pain thresholds in predetermined measurement locations of the upper arms. However, when measuring PPT and PPPT, the perception of pain depends on exactly the point that is being measured. Wessberg et al. (36) have found that the structure and size of receptive field areas vary considerably within individuals. Thus, even if we used a standardized test protocol on both test occasions, small differences in measurement points, pressure direction or participants' sitting position could have influenced the result. Taken together, substantial variability in the QST measurements were found, but it is difficult to distinguish how much it depends on the participants or the impreciseness of the QST method.
Variations in QST thresholds have also been reported by Krassioukov et al. (37) and they recommend more than 1 QST assessment in persons with spinal cord injury when determining baseline values of pain or when evaluating effects on pain after interventions. Also, O'Neill & O'Neill (38) , who investigated ways to improve the reliability of QST measurements, recommended repeated test occasions.
Strengths and limitations
A strength of the present study is that the population was adequately homogenous with regard to age and functional status and that both the affected (painful) and the unaffected upper arm were measured. An experienced examiner performed all measurements, a standardized test protocol was used, the study carefully adhered to the patient group, and the measurements were digitally recorded. The unaffected arm was tested first so the participant became familiar with the test procedure. In addition, several statistical methods were applied to evaluate the measurement variability for a group of individuals.
This study has also some limitations. The sample size was relatively small, but in agreement with other studies assessing reliability of QST measurements (15, 16) . The participants were clinically assessed only on the first test occasion and a time interval of 2-3 weeks before the second test occasion was chosen for practical reasons. However, as the participants were in a stable phase post-stroke, we believe that this only has influenced the results to a small extent. Outcome measures of fatigue and cognitive impairments could also have been used. Fatigue and/or cognitive impairments might affect the QST measurements, but all participants were able to follow the test instructions and fulfilled the measurements with no problem. Participants with severe language and cognitive difficulties were not included in the present study. Therefore, the results cannot be generalized to the entire stroke population, but, on the other hand, QST is not recommended for those individuals (39) .
Clinical relevance and implications for future research
PSSP is a complex and multifactorial problem and one of the most common types of pain after stroke. To be able to evaluate changes in PSSP after interventions or over time, knowledge of the measurement variability is needed. As some of the QST variables vary widely when being repeated, several baseline assessments might be recommended, but need to be evaluated further in future studies. The study design of 1 QST measurement repeated twice revealed unacceptably low ICCs and high measurement variability. Before we can use QST routinely in clinical practice and in research, a test protocol that yields smaller measurement variability needs to be developed. In future research, larger studies are needed in order to determine how QST measurements vary for nociceptive and neuropathic PSSP and whether there is a difference in QST measurements between men and women, as suggested (13) .
Conclusion
QST measurements vary in persons with PSSP, especially cold pain thresholds and mechanical pain thresholds. Before QST can be used routinely to evaluate PSSP, a test protocol with decreased variability needs to be developed.
